To elucidate the mechanisms of insensitivity of hormone secretion to glucose in streptozotocin-induced diabetic rat islets, we investigated the effects of acetylcholine (ACh) and norepinephrine on insulin and glucagon secretion in response to changes in glucose concentration, using perfused pancreas preparations. Basal insulin secretion at a blood glucose level of 5.6 mmol/1 was significantly higher and basal glucagon secretion significantly lower in streptozotocin-induced diabetic rats than in controls, and neither high (16.7 mmol/1) nor low (1.4 mmol/1) blood glucose concentrations influenced insulin or glucagon secretion. Addition of 10 .6 mol/1 ACh to the perfusate increased glucose-stimulated insulin secretion. Also, 10 -6 mol/1 ACh, 10 -7 mol/1 norepinephrine, as well as a combination of both, induced marked glucagon secretion, this was suppressed by high blood glucose level. Although simultaneous addition of 10 -6 mol/1 ACh and 10 -7 mol/1 norepinephrine induced only a slight increase in glucagon secretion in response to glucopenia, there was a significant increase in glucagon secretion in conjunction with an ambient decrease in insulin. Histopathological examination revealed a marked decline in acetylcholinesterase and monoamine-oxidase activities in the islets of streptozotocin-induced diabetic rats. We speculate that reduction of the potentiating effects of ACh and norepinephrine lessens glucose sensitivity of islet beta and alpha cells in this rat model of diabetes. [Diabetologia (1995[Diabetologia ( ) 38: 1276[Diabetologia ( -1284 Key words Acetylcholine, norepinephrine, insulin, glucagon, diabetes mellitus.
high blood glucose level. Although simultaneous addition of 10 -6 mol/1 ACh and 10 -7 mol/1 norepinephrine induced only a slight increase in glucagon secretion in response to glucopenia, there was a significant increase in glucagon secretion in conjunction with an ambient decrease in insulin. Histopathological examination revealed a marked decline in acetylcholinesterase and monoamine-oxidase activities in the islets of streptozotocin-induced diabetic rats. We speculate that reduction of the potentiating effects of ACh and norepinephrine lessens glucose sensitivity of islet beta and alpha cells in this rat model of diabetes. [Diabetologia (1995) 38: 1276-1284] Pancreatic islets are richly vascularized, and both islet cells and blood vessels are closely associated with a variety of autonomic nerves [1, 2] . Islet cells have well-established roles in the regulation of metabolic homeostasis which have long been considered exclusively in terms of interaction between pancreatic hormone secretion and circulating substrates. It has, however, been recognized that various non-pancreatic hormones, such as gut hormones and adrenal cat-echolamines, as well as neural factors, also contribute significantly to the mechanisms controlling the activities of the endocrine pancreas [1, [3] [4] [5] .
Tominaga et al. [6] reported that in streptozotocininduced diabetic (STZD) rats, destruction of beta cells leads to loss of the relationship between pancreatic sympathetic nerve terminals and islet cells. It has also been reported that acetylcholinesterase (ACHE) activities and norepinephrine (NE)-fluorescence in genetically-diabetic Chinese hamster islets [7] , the activities of AChE and monoamine-oxidase (MAO) in alloxan-induced-diabetic rat islets [8] , and AChE activities of STZD rat islets [9] are diminished. Furthermore, Patel [10] reported that a carbachol injection restored the glucagon response to insulin-induced hypoglycaemia in short-term STZD rats, and Hertelendy et al. [11] reported that the impaired glucopenia-induced glucagon secretion in long-term STZD rats may correlate with the deterioration of intra-pancreatic parasympathetic transmission.
Our experimental design was based on the assumption that the process of beta-cell destruction in the STZD rat pancreas leads to an impaired relationship between remaining islet cells and intra-pancreatic neurons, and that deterioration of the potentiating effects of neurotransmitters, such as acetylcholine (ACh) and NE, on islet hormone secreting cells thereby diminished the glucose sensitivity of islet cells. To examine the validity of this hypothesis, the following experiments were performed.
Materials and methods
Animals. Male Wistar rats weighing 300-400 g were used.
Our institution's guidelines for the care and use of laboratory animals were followed. Diabetes was induced, as described previously [6, 12] , by an intravenous injection of streptozotocin (STZ; 50 mg/kg, Sigma Chemicals, St.Louis, Mo., USA) prepared in 5 retool/1 citrate buffer (pH 4.5). STZ-induced diabetes was confirmed by presence of glucosuria within 24 h following the injection and by plasma glucose levels exceeding 14 mmol/1. These rats received 4-8 IU protamine zinc insulin daily, and were allowed ad libitum access to food, to prevent hypoglycaemia. Their blood glucose levels were maintained at 7-12 mmol/1 for 2 weeks; then, on the night before perfusion, the rats were fasted and given 0.5-1 IU insulin.
Pancreatic perfusion experiments. Pancreata were isolated and perfused using a modification of the method of Grodsky and Fanska [13] , after an 18-24 h fast, as described previously [6, 12, 14, 15] . Rats were anaesthetized by intraperitoneal administration of sodium pentobarbital (50 mg/kg). The perfusate was Krebs-Ringer-bicarbonate buffer supplemented with 4.5 % (w/v) dextran T-70 (Pharmacia LKB Biotechnology AB, Uppsala, Sweden), 1% (w/v) bovine serum albumin (Miles Inc., Kankakee, Ill., USA), 5 mmol/l sodium pyruvate, sodium fumarate and sodium glutamate (Sigma), and the flow rate was set at a constant 3.0 ml/min. The partial pressure of oxygen was maintained between 450 and 550 mmHg, with a bubble oxygenator, using a 95 % 02/5 % CO 2 gas mixture. The perfusate was maintained between pH 7.35 and 7.45. A preperfusion period of about 15 min, sufficient to stabilize insulin and glucagon levels, was used for each protocol.
Over the course of a 65-or 25-min experimental period, the perfused pancreata were successively exposed to glucose concentrations of 5.6 mmol/1 as the basal level, 16.7 mmol/1 for high glucose and 1.4 mmol/1 for low glucose stimulation. In the first experiment, in order to evaluate the effects of exogenous ACh (acetylcholine chloride, Sigma) on insulin and glucagon secretion, ACh was added via a sidearm infusion pump (flow rate 0.1 ml/min), to achieve a perfusate concentration of 10 -7 or 10 .6 mol/1, continuously from 5 min onward during the experiment. In the second experiment, 10 -7 tool/1 NE ((+)-arterenol hydrochloride; Sigma) was added, and in the third, 10 -6 mol/1 ACh and 10 -7 mol/1 NE were added simultaneously, after 5 rain. In the fourth experiment, in order to clarify the effect of an ambient insulin decrease on glucopenia-induced glucagon secretion, synthetic human insulin (Actrapid Human; Novo Nordisk, Copenhagen, Denmark) was added to the perfusate via an infusion pump, to achieve a final insulin concentration of 600 umol/1, with the simultaneous addition of 10 -6 mol/1 ACh and 10 -7 mol/1 NE. Infusion of insulin was stopped during glucopenic stimulation.
Hormone measurements. Immunoreactive insulin was measured with a commercially available kit (Eiken Chemical Co., Tokyo, Japan) based on a radioimmunoassay using rat insulin (Novo Research Institute, Bagsvaerd, Denmark) as a standard. Immunoreactive glueagon was measured by a previously described method [16] using antiserum to synthetic glucagon 19-29 [17] .
Histopathological examination. Pancreata were prepared using the same method as employed for the perfusion experiments described above. For histochemieal demonstration of AChE activity [18] , the splenic portions of pancreata were cut into small blocks and fixed for 12 h in 10 % formol calcium, and then kept in 1% gum sucrose for 3 h. After being rinsed in distilled water, the tissue blocks were quickly frozen in isopentane quenched in liquid nitrogen. Sections 10-to 20-~tm/thick, cut in a cryostat (Reichert-Jung Frigocut Microtome, Heidelberger, Germany), were incubated for 2 h at room temperature in 0.1 tool/1 sodium hydrogen maleate buffer (pH 6.0) containing 0.1% acetylthiocholine iodide (Sigma) as a substrate and 10 -4 tool/1 iso-octamethyl pyrophosphoramide as an inhibitor [19] , then dehydrated in graded ethanol solutions.
For the MAO procedure [20] , 10-20 ~m sections from the quickly-frozen tissue blocks were thaw-mounted and preincubated for i h at 37~ in sodium sulphate solution (0.3 % w/v, pH 8.0), followed by incubation for 45~50 min at 37 ~ in a buffered (pH7.6) solution containing 5mg/ml 5-hydroxytryptamine (Sigma) and 0.5 mg/ml nitrobluetetrazolium (Sigma), then fixed in formaldehyde, dehydrated and coverslipped.
Immunohistochemical studies were also performed by the peroxidase-anti-peroxidase method, using anti-insulin and anti-glucagon antibodies (Dako Corporation, Santa Barbara, Calif., USA) [21] . Control specimens were cut into 4-gin sections and stained with haematoxylin and eosin.
Statistical analyses
All results are expressed as means + SEM. The statistical significance of differences in hormone secretion rates was evaluated using two-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison test [22] . Differences were considered statistically significant at p less than 0.05. Figure 1 , the control preparations using normal Wistar rat pancreata were peffused with a 5.6 mmol/1 glucose perfusate and, when the glucose concentration was raised to 16.7 mmol/1, they produced a biphasic insulin secretion while glucagon secretion was immediately suppressed. When the perfusate glucose concentration was restored to 5.6 retool/l, the insulin and glucagon concentrations returned to baseline levels. The glucose concentration was subsequently decreased to 1.4 mmol/1, producing monophasic insulin suppression and glucagon stimulation. The insulin concentration in the perfusate at a glucose concentration of When the glucose of the perfusate concentration was restored to 5.6 retool/l, the insulin and glucagon concentrations again returned to baseline levels. In STZD pancreata, basal insulin secretion was significantly higher (282+90 vs 63+12pmol/min, p < 0.05) and basal glucagon secretion was significantly lower than in controls (0.46+0.08 vs 1.18 +_ 0.11 ng/min, p < 0.01). Neither high nor low glucose concentrations influenced insulin or gtucagon secretion from STZD pancreata.
Results

Effects of high and low glucose concentration on insulin and glucagon secretion from perfused pancreata of normal and STZD rats. As shown in
Effect of ACh and NE on insulin and glucagon secretion in response to high and tow glucose concentra-.lion from perfused STZD pancreata. ACh was continuously added to the perfusate during the experiments, starting at 5 min, and induced a biphasic insulin response from STZD pancreata while the second phase of insufin secretion remained at nearly constant levels (Fig.2) . The addition of 10 -7 (data not shown) or 10 -6 mol/1 ACh to the perfusate restored glucose-stimulated insulin secretion in a dose-dependent manner (p < 0.05 and p < 0.01, respectively). The addition of 10 -6 molZ1 ACh induced a marked increase in glucagon secretion. High glucose concentration significantly suppressed this ACh-induced gluca- The addition of 10 -7 mot/1 NE to the perfusate suppressed insulin secretion from STZD pancreata (53 + 12 vs 186 + 32 pmol/min, p < 0.05). After the addition of 10 -7 molfl NE, neither high nor low glucose concentrations influenced insulin secretion (Fig,3) . NE did, however, induce a marked glucagon response, and high glucose concentration significantly suppressed this NE-induced glucagon secretion (0.56 + 0.11 vs 1.32 + 0.26 ng/min, p < 0.01).
As shown in Figure 4 , with simultaneous addition of ACh and NE, neither high nor low glucose concentration influenced insulin secretion, though this combination did induce marked glucagon secretion and high glucose concentration significantly suppressed this glucagon response (1.14 _+ 0.19 vs 2.65 + 0.24 ng/ rain, p < 0.01). Glucopenia tended to induce glucagon secretion, but not to a significant extent (1.53 + 0.117 vs 1.17 + 0,12 ng/min). In a decreased ambient insulin concentration (Fig.5) , however, glucopenia significantly increased glucagon secretion (3.75 + 0.t6 vs 3.03 + 0.34 ng/min, p < 0.05). Restor- 
Morphological differences between pancreata of normal and STZD rats.
Immunohistological studies revealed dramatic drops in beta-cell numbers and islet numbers, as well as islet sizes, in STZD pancreata as compared with controls. Decreased insulin staining activity was also seen in STZD islets. Although alpha cells from normal controls were located in the peripheral regions of the islets, alpha cells from STZD rats were randomly distributed in the islets. S!ightly decreased glucagon staining activity was also seen in STZD islets. However, there were no remarkable differences in number of alpha cells between controls and STZD rats (specimens not shown).
In specimens stained for AChE activity, cholinergic ganglia appeared as dark brown dots (Fig. 6 d) , whereas the gross morphological appearance of nerve fibers could be observed against a faint brownhued background. AChE activity was evenly distributed in the control islets (Fig. 6a) , but was markedly reduced, so as to be barely observable, in STZD is-!ets (Fig. 6 b) . Necrotic beta cells were seen in the central regions of STZD islets (Fig. 6 c) . AChE activity was particularly reduced in central regions, while being comparatively preserved in peripheral regions.
In MAO-stained specimens, positively reacting islets stood out as brown-b!ue against minor background precipitation, and only faint staining of monoaminergic neurites was visiblel Is!ets from nondiabetic controls showed remarkable MAO staining, while islets from STZD rats were faintly stained as compared to background exocrine tissue (Fig. 7 a, c) . Faint MAO staining of monoaminergic neurites was observed in ganglia of non-diabetic islets (Fig. 7 e) .
Discussion
In the present study, marked decreases in the numbers of islets, especially the beta-cell portion, were observed in STZD pancreata, as previously confirmed by others [23] . These reductions were presumed to be the primary cause of glucose insensitivity in STZD rats. However, some of the beta cells and most of the alpha cells were preserved and few explanations have been offered which could adequately account for the loss of glucose sensitivity in the remaining islet cells. The currently accepted hypothesis concerning the development of human insulin-dependent diabetes is attributed to the long prodromal phase preceding the development of overt diabetes in the majority of patients, and to overt diabetes appearing while C-peptide is still present [24] . It is possible that certain processes, which induce glucose insensitivity in the remaining pancreatic beta cells, occur in insulin-dependent, and possibly in non-insulin dependent, diabetes. Continuous hyperglycaemia is thought to be a factor worsening the glucose sensitivity of remaining beta cells (glucose toxicity) [25] [26] [27] [28] . In the present study, STZD-rats were pretreated with insulin to avoid glucose toxicity. Various agents which increase insulin secretion are subdivided into two categories [29] (Fig. 8) ; the initiators, such as glucose, which is thought to be able to increase insulin secretion in the absence of other stimulating agents, and the potentiators, such as ACh [30, 31] , beta-adrenergic agonists and glucagon [32, 33] , which are ineffective alone but increase insulin secretion in the presence of glucose [34, 35] . We have found that, with ambient ACh, glucose can induce insulin secretion from remaining beta cells of STZD [6, 26] have been shown not to restore the beta-cell glucose sensitivity of perfused STZD pancreata. An increment in insulin secretion induced by high glucose concentration from the STZD islets did not reach the control level, presumably because only small numbers of beta cells were preserved in the STZD islets. We have little evidence indicating which part of the insulin secreting system is impaired in STZD-induced and other forms of diabetes. In the present study, the initiation system, which includes glucose metabolism, ATP-sensitive potassium channels and voltage-dependent calcium channels, was apparently preserved, or at least partially restorable by ACh, in the remaining beta cells of the STZD rats. We speculate that the neurohormonal modulation system (Fig. 8) is impaired in the STZD pancreas.
It has been shown that the order of islet microcirculation is beta -~ alpha --~ delta in normal rats [36] . However, the glucose-induced insulin response from STZD pancreata during ACh perfusion might have been influenced by a high glucagon concentration, due to destruction of the microcirculation in STZD islets.
In this study, AChE activity was diminished (or cholinergic denervation was observed) in STZD islets, and exogenous ACh perfusion restored insulin secretion in response to glucose concentration changes. Concurrently, a decrease in MAO-activity was seen in STZD islets. Although the majority of beta cells had been destroyed, basal insulin secretion was significantly higher from STZD pancreata than from non-diabetic controls. A decrease in the concentration of NE around the remaining beta cells, leading to increased basal insulin secretion is also possible. After the addition of exogenous NE to the perfusate, basal insulin secretion from STZD pancreata was suppressed, as it was in the controls. The betaadrenergic effect of NE might increase the insulin secreting potential of beta cells. However, exogenous NE, even with concomitant ACh infusion, had no effect on insulin secretion in response to glucose concentration changes. A decrease in the NE concentration appears to be a prerequisite for increasing insulin secretion in response to hyperglycaemia.
In insulin-dependent diabetic patients, hyperglycaemia-induced suppression and hypoglycaemia-induced secretion of glucagon are diminished. In the present study, most pancreatic alpha cells were preserved in STZD pancreata, an observation consistent with that of Leahy and Weir [26] . Remaining alpha cells did not, however, respond to either high or low blood glucose concentration [37, 38] . Furthermore, basal glucagon secretion was significantly lower than that of controls. These glucagon secretion patterns from STZD alpha cells seem to be related to morphological changes in islet innervation in STZD Fig.6. (a-e) Pancreatic islets from normal Wistar (a) and STZD (b, c) rats and a ganglion from a normal Wistar rat (d, e). AChE histochemistry (a, b, e) and haematoxylin and eosin staining (e, e). Magnification: A x 40; B-E x 80 1281 pancreata. If the impaired relationship between pancreatic nerves and remaining islet cells decreases ACh and NE concentrations around alpha cells, as we have assumed, basal glucagon secretion would be expected to decrease. In the present study, addition of NE and of ACh evoked marked glucagon secretion at 5.6 mmol/1 glucose, and a high glucose concentration significantly suppressed glucagon secretion from STZD pancreata, suggesting that ACh and NE increased the suppressive effect of glucose on glucagon secretion from STZD alpha cells. These observations suggest that the lack of glucagon suppression under high glucose conditions, in STZD pancreata, may be attributable to a decreased concentration of potentiating neurohormones (such as ACh or NE) around the alpha cells. In this study, ambient ACh and NE were both capable of inducing glucagon secretion which was not reversed by restoring glucose to a basal concentration. Even with simultaneous addition of NE and ACh, glucopenia induced only a slight glucagon secretory response. We speculate that in order to increase glucagon secretion, endogenous neurotransmitters must be increased or must continuously sensitize the alpha cells in a pulsatile secretory manner [39] . However, a decreased exogenous insulin concentration in the presence of A C h and N E significantly increased glucopenia-induced glucagon secretion. We recently reported that a decreased insulin concentration is necessary for glucopenia-induced glucagon secretion from the perfused rat pancreas [40] , and this observation is consistent with that by Tominaga et al. [41] . The level of glucopenia-induced glucagon secretion was not as high as that from the control. We consider glucopenia-induced glucagon secretion, from the perfused rat pancreas, to be attributable primarily to the release of endogenous N E from "the vascular sympathetic system" within the pancreas [42] . Furthermore, Luiten et al. [8] reported that MAO-positive somata are decreased in number in alloxan-diabetic rat pancreata. STZ destroys beta cells and may cause the secondary destruction of islet-cell sociology, including the microcirculation of the pancreas [43] . We thus consider the diminution of glucopenia-induced glucagon secretion to be due to the loss of "neuroendocrine cells" [44] and/or destruction of the microcirculation thereby preventing endogenous N E from reaching the alpha cells.
Histopathological examination revealed that A C h E and M A O activities were diminished in STZD islets and that exogenous ACh perfusion had a restoration effect on glucose-stimulated insulin se- [29] with permission). The darker shaded area depicts the effects of STZ and alloxan; which induce DNA strand breaks and poly(ADP-ribose) synthetase in pancreatic islets, thereby preventing the synthesis of cADP-ribose (Okamoto model [45, 46] ). The lighter shaded area depicts the neurohormonal modulation system in pancreatic islets. The relationship between the restoration of betacell glucose sensitivity by ACh and the Okamoto model was not elucidated in the present study cretion, while exogenous ACh and NE perfusion augmented glucose-suppression of glucagon secretion from perfused STZD rat pancreata. These results suggest that reducing the potentiating effects of ACh and NE exacerbates the loss of glucose sensitivity in islet beta and alpha cells in this rat model of diabetes.
